Precise knowledge of the fundamental properties of the proton is essential for our understanding of atomic structure as well as for precise tests of fundamental symmetries. We report on a direct high-precision measurement of the magnetic moment m p of the proton in units of the nuclear magneton m N .The result, m p = 2.79284734462 (±0.00000000082) m N , has a fractional precision of 0.3 parts per billion, improves the previous best measurement by a factor of 11, and is consistent with the currently accepted value. This was achieved with the use of an optimized double-Penning trap technique. Provided a similar measurement of the antiproton magnetic moment can be performed, this result will enable a test of the fundamental symmetry between matter and antimatter in the baryonic sector at the 10 −10 level.
Precise knowledge of the fundamental properties of the proton is essential for our understanding of atomic structure as well as for precise tests of fundamental symmetries. We report on a direct high-precision measurement of the magnetic moment m p of the proton in units of the nuclear magneton m N .The result, m p = 2.79284734462 (±0.00000000082) m N , has a fractional precision of 0.3 parts per billion, improves the previous best measurement by a factor of 11, and is consistent with the currently accepted value. This was achieved with the use of an optimized double-Penning trap technique. Provided a similar measurement of the antiproton magnetic moment can be performed, this result will enable a test of the fundamental symmetry between matter and antimatter in the baryonic sector at the 10 −10 level.
P
recise knowledge of the properties of the proton, such as its mass (1), lifetime (2), charge radius (3), and magnetic moment (4) , is of great fundamental importance. The mass, for example, is an important input parameter for precise calculations in quantum electrodynamics, whereas the lower bound of the proton lifetime sets constraints on baryon number violation (5) . Measurements of the proton charge radius have recently drawn attention, owing to the discrepancy between proton charge radius measurements done with muonic hydrogen and electronic hydrogen. The origins of this difference triggered the proton-radius puzzle. However, a recent publication (6) indicates that a possible reason has been identified. The proton magnetic moment, which is the focus of this work, was directly measured in 2014 with a fractional precision of 10 −9 (4) . This direct measurement reached a higher precision than the indirect MASER (microwave amplification by stimulated emission of radiation) measurement, which had stood as the most precise for more than four decades (7) .
High-precision measurements of these properties provide sensitive probes to investigate fundamental symmetries such as CPT (charge, parity, and time-reversal) symmetry. A violation of CPT invariance could provide essential input in understanding the observed baryon asymmetry in our universe, which has yet to be understood within the Standard Model of particle physics and cosmology. One method to set stringent limits on possible effects caused by CPT violation involves comparison between matter and antimatter systems, such as hydrogen and antihydrogen (8) or neutral K 0 and K 0 mesons (9), or direct highprecision comparison of the properties of protons and antiprotons. Each of these systems sets constraints on a specific set of CPT-and Lorentzviolating parameters (10) and allows tests of CPT symmetry in different sectors.
We have developed techniques that enabled us to improve the measurement of the proton magnetic moment in (4) by more than one order of magnitude (Fig. 1) . A dedicated Penning trap system was used to store a single isolated proton for spin-transition spectroscopy and simultaneous high-precision frequency measurements. By applying our methods to the antiproton (11), an improved test of CPT invariance at the 10 −10 level in the baryon sector may be possible.
A Penning trap (12) is formed by a superposition of an electrostatic quadrupole potential and a homogeneous magnetic field B 0 , in our case at 1.9 T. The coupling between the spin magnetic moment m p of a proton and B 0 results in an energy splitting DE = ħw L between the two spin eigenstates (↑,↓) characterized by the Larmor frequency w L , where ħ is Planck's constant divided by 2p. Probing this energy splitting in units of the free cyclotron frequency w c = eB 0 /m p , where e/m p is the charge-to-mass ratio, enables determination of the magnetic moment independent from the magnetic field in units of the nuclear magneton w L /w c = m p /m N = g/2, where m p and m N are the proton magnetic moment and the nuclear magneton, respectively, and g is the dimensionless g factor.
In the field configuration of a Penning trap, the motion of a particle has three harmonic components. In our apparatus, the axial component oscillates at a frequency w z ≈ 2p × 633,665 Hz along the magnetic field lines. In the radial direction, the motion is composed of the modified cyclotron mode at frequency w + ≈ 2p × 28.96 MHz and the magnetron mode at w -≈ 2p × 6933 Hz. The axial eigenmotion at w z is detected by a nondestructive measurement of the induced image currents (on the order of femtoamperes) in the trap electrodes that are converted to a measurable voltage by a superconducting resonance circuit and a cryogenic low-noise amplifier (13) . The proton oscillation frequencies w + and w -are determined by sideband coupling (4, 12, 14) . The measurement of these individual mode frequencies enables the determination of w c , and thus the magnetic field strength, by the invariance theorem (12) w c 2 = w + 2 + w z 2 + w -2 . In contrast, the Larmor frequency w L is not accompanied by an oscillating charge and thus is not accessible by direct image current detection. However, w L can be determined by probing the transition probability between the two spin eigenstates as a function of the frequency of an applied radio-frequency drive. To this end, the continuous Stern-Gerlach effect (15) with the axial coordinate z, causes a nondestructive coupling of the magnetic moment to the axial oscillation of the proton. As a result, a spin transition from spin-down to spin-up causes the axial frequency to change by
Measurements of w L and w c in a magnetic bottle are limited to a relative precision on the order of 10 −6 (16) by line broadening. To circumvent this limitation, we use the double-Penning trap technique (17) , which uses two spatially separated Penning traps (4). These traps are interconnected by a transport section, which allows adiabatic shuttling of the particle between the traps. The are the most precise direct and indirect measurements of the proton g factor (4, 7), which also largely determine the currently accepted CODATA value (29) , also shown. This work improves on the measurement from 2014 by a factor of 11. The first pioneering measurements at ppm resolution (19, 34) are not shown.
(AT) contains the magnetic bottle for spin state detection. Our double-Penning trap system (Fig. 2 , A and B) is mounted in the horizontal bore of a superconducting magnet at B 0 = 1.9 T located at the University of Mainz, Germany, with magnetic north pointing north-northwest (342°± 5°). Both traps are in a five-electrode cylindrical compensated orthogonal configuration (18, 19) . All trap electrodes are manufactured from oxygenfree copper, gold-plated, and electrically isolated from each other with sapphire spacers. The center electrode in the AT is made with ferromagnetic Co/Fe, which produces the strong magnetic bottle. A self-shielding solenoid (20) around the trap suppresses external magnetic field fluctuations by more than one order of magnitude. Both Penning traps are equipped with superconducting toroidal coils (21) for image current detection of the axial frequency (13) . In addition, a superconducting cyclotron detector in the PT, connected to a segmented electrode, enables a factor of 4 increase in the cooling rate of the cyclotron mode relative to earlier experiments (4). This development allows faster particle preparation, which ultimately improves the measurement speed by a factor of 2. Particle manipulation is realized with disc-shaped coils mounted close to the trap electrodes to drive magnetic dipole transitions between the spin eigenstates. In addition, electric-quadrupole excitation lines are connected directly to the trap electrodes to drive sidebands (14) . The electrode stack is enclosed in a sealed cryogenic "trap can" with a volume of about 300 ml. When cooled to liquid helium temperatures, cryopumping produces pressures below 10 −14 Pa (22), resulting in single-particle storage times of more than 1 year.
To conduct the actual high-precision g-factor measurement, we first prepare a single proton and clean the trap from simultaneously stored contaminant particles such as H (12) is met. By manipulating w z , all ions with larger charge-to-mass ratio than the proton violate the criterion and can be efficiently removed from the trap (see supplementary materials). Afterward, we start the experiment sequence shown in Fig. 2C . A single measurement cycle i commences with the preparation of the proton's modified cyclotron energy to E + ≤ E th = k B × 0.6 K, where k B is the Boltzmann constant and E th is the threshold energy for the preparation. This is of utmost importance in order to obtain low-axial frequency fluctuations s(E + ) < 103 mHz, and thus high spin state detection fidelities, for a particle with an energy below the threshold energy E + ≤ E th (23) . To this end, the proton's modified cyclotron mode is resistively cooled by coupling it to the w + resonator in the PT. The energy E + is determined by transporting the proton to the AT, where the axial frequency strongly depends on E + owing to the large inhomogeneous magnetic field (24) . If E + > E th , the proton is thermalized again until E + ≤ E th is obtained. Then the spin state detection is performed in the AT. For this purpose, an initial series of axial frequencies {w z,AT (1) , …, w z,AT | > Dw z,th = Dw z,SF + [2p × 0.5s(E + )] is satisfied. This allows the determination of the spin state at the end of the series with a fidelity of 97% on average (23, 25) .
Subsequently, the proton is transported to the PT to determine w c (i) and w L . For this purpose, a Larmor drive close to w L with a uniformly distributed randomized frequency offset w L,exc
, where Dw L . To calculate w c (i) using the invariance theorem, the axial frequency w z (i) is obtained from an interpolation of four w z measurements (compare fig. S1 ), two in advance of and two following the w + (i) measurement. The magnetron frequency is obtained using the relation w - spin state of the particle must be identified a second time in the AT. However, mode coupling in the measurement of the modified cyclotron frequency heats the proton to E +~kB × 200 K owing to energy exchange of both modes. Thus, in a next step the particle is thermalized to E + ≤ E th again and a second axial frequency measurement {w z,AT (1) , …, w z,AT (n1) } (i+1) is recorded. Together with the initial axial frequency series, these two frequency sets yield the probabilities p ini,↑ (i) and p fin,↑ (i+1) (23, 25) , which are the probabilities of being in the spin-up state at the end of the first series (initial) and the start of the second series (final). Thus, we can calculate the probability that a spin flip occurred in the PT from p SF,
)p fin,↑ (i+1) . Typically, one of these sequence cycles takes around 90 min. By repeating this sequence for different drive frequencies several hundred times, we obtain tuples (G (i) , p SF,PT (i) ) that make up the g-factor resonance.
Three individual protons were used to conduct a total of 1264 experiment cycles, accumulated over a period of 4 months from the end of August to December 2016. We analyzed the data with a maximum likelihood analysis using a Gaussian line shape (26) . Monte Carlo simulations of the complete measurement sequence were used to check the consistency, bias, and robustness of the analysis and to ensure that the evaluation leads to the correct statistical error (see supplementary materials). The three individual resonances, one for each proton, are in 1s agreement with each other, which justifies the combined analysis of all cycles. The result from the maximum likelihood analysis over the combined data set (Fig. 3 ) is
where the standard error of the mean is 0.00000000075, which corresponds to a fractional precision of 268 parts per trillion (ppt). The resonance has a width of 1.34 ± 0.21 parts per billion (ppb), which is in good agreement with the expected linewidth of 1.41 ± 0.02 ppb from independent experimental measurements of the free cyclotron frequency (see supplementary materials). Systematic corrections arising from energy-and time-dependent shifts of the Larmor and cyclotron frequency (27) shift the g factor by
These corrections are caused by small deviations of the trap potential from an ideal quadrupole configuration and by inhomogeneities in the magnetic field. An important feature and key difference relative to earlier experiments that measured the proton g factor (4) is the simultaneous measurement of w L and w + instead of a sequential determination. In particular, this ensures that w L and w + (which dominates the determination of w c ) are measured at the same energies and times. This eliminates many systematic contributions, such as corrections stemming from the linear term B 1,PT of the magnetic field. The higher-order B 2,PT contribution leads to a minor correction of 8 ± 4 ppt (see supplementary materials). Electrostatic imperfections affect only w c and were thus carefully optimized ( fig. S2 ). The residual uncertainty of Dw c is 9 ppt. The dominant systematic contribution arises from the interaction of the particle with the image charge it induces on the trap surface (28) . The resulting correction of -98 ± 3 ppt can be calculated very accurately, where the error accounts for deviations from the ideal geometry (12) . The relativistic correction (12) contributes with -44 ± 26 ppt. Furthermore, we add the uncertainty of our cyclotron frequency determination (compare fig. S3 ), which is at 80 ppt. Correcting for the systematics shifts, as summarized in Table 1 , the final result of the proton magnetic moment is
where the statistical uncertainty is 0.00000000075 and the systematic uncertainty is 0.00000000034. The value reported here is in agreement with the currently accepted CODATA value (29) but is an order of magnitude more precise, and improves the result of our previous m p measurement (4) by a factor of 11. This improvement with respect to the apparatus developed in (24) and used in (4) arises from linewidth narrowing achieved by improvements of the magnetic field homogeneity in the precision trap and optimization of the parameters of the Larmor drive. A considerably improved detector for the modified cyclotron frequency reduced the particle preparation time and allowed a doubling of the data acquisition rate. The improved detection was achieved by replacing a normal conducting copper coil with a superconducting coil together with an improved low-noise, cryogenic amplifier that together allowed for lower detector temperatures and shorter coupling times. Finally, the simultaneous irradiation of the Larmor drive and the measurement of the modified cyclotron frequency in the precision trap eliminated the dominant systematic shift seen in (4). The improvements presented here can be directly applied to the planned high-precision measurement of the magnetic moment of the antiproton (30), potentially enabling a CPT test at the sub-ppb level. This allows tests of the Standard Model at an energy scale of <10 −25 GeV in the framework of the Standard Model extension (10); these tests may reach a higher absolute sensitivity than lepton magnetic moment comparisons with respect to CPT violation (31, 32) .
The data collection rate can be increased by further reducing the experiment cycle times, which are limited by subthermal cyclotron state preparation using the detector for the modified cyclotron frequency. One way to overcome this limitation is to sympathetically cool the proton by resonant coupling to laser-cooled ions (33) . This will provide quasi-deterministic cooling and will reduce particle preparation times by more than two orders of magnitude. With this method, we expect that proton and antiproton magnetic moment measurements on the parts per trillion level will become possible. 
